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Two-stage b a l l i s t i c  booster systems were ana lyzed  t o  
e v a l u a t e  t h e  f e a s i b i l i t y  of r e t u r n i n g  t h e  f i r s t  s t a g e  t o  t h e  
launch  s i t e  w i t h  a pos t - sepa ra t ion  impuls ive  maneuver. The 
a n a l y s i s  cons idered  e f fec ts  of t r a j e c t o r y  c o n d i t i o n s  a t  t h e  
t i m e  of s t a g i n g  and t h e  effects of  t h e  recovery maneuver on 
v e h i c l e  s i z i n g .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  maneuver has  
s o m e  a t t r a c t i v e  f e a t u r e s  from t h e  s t a n d p o i n t  of recovery  oper-  
a t i o n s  and v e h i c l e  s i z i n g  and i s  feas ib le  from t h e  s t a n d p o i n t  
of f l i g h t  mechanics. Some o p e r a t i o n a l  problems may e x i s t  
because  of a requi rement  f o r  a )  r a p i d  eng ine  r e s t a r t ,  b )  v e h i c l e  
f l i g h t  a t  h igh  ang le  of a t t a c k ,  and c )  r a p i d  v e h i c l e  r e o r i e n t a t i o n .  

I. 

Although t h e s e  problems war ran t  f u r t h e r  e v a l u a t i o n ,  on 
t h e  basis  of t h i s  p re l imina ry  assessment  t h e  maneuver appea r s  
t o  be both  f e a s i b l e  and u s e f u l .  
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1 . 0  I n t r o d u c t i o n  

A t t e n t i o n  has  r e c e n t l y  been focused on s h u t t l e  
concep t s  based on r e c o v e r a b l e  boos t e r  systems t h a t  are con- 
f i g u r e d  a s  b a l l i s t i c  e n t r y  vehicles.  These b a l l i s t i c  b o o s t e r s  
are u s u a l l y  conceived a s  s i n g l e  s t a g e  t o  o r b i t  systems.  A l -  
though t h i s  i s  p o s s i b l e  because of  t h e  r e l a t i v e l y  h igh  m a s s  
f r a c t i o n s  a t t a i n a b l e  w i t h  t h i s  des ign  concep t ,  t h e  r e s u l t i n g  
v e h i c l e s  are ex t remely  s e n s i t i v e  t o  i n e r t  weight  growth. T h i s  
l e a d s  more o r  less d i r e c t l y  t o  t h e  i d e a  of tandem s t a g i n g  of 
b a l l i s t i c  b o o s t e r s .  O s t e n s i b l y ,  t h i s  could avoid  t h e  h igh  
s e n b i t i v i t i e s  of s i n g l e  s t a g e  systems and keep t h e  s t r u c t u r a l  
e f f i c i e n c i e s  of b a l l i s t i c  systems. But as u s u a l ,  it i s n ' t  
t h a t  s imple ,  and t h e  p r i n c i p a l  problem now becomes one o f  
g e t t i n g  t h a t  f i r s t  stage back to  t h e  launch s i te .  

. 

2.0 Mission P r o f i l e s  

S e v e r a l  ways of r e t u r n i n g  t h e  b a l l i s t i c  booster t o  

The f i r s t  p o s s i b i l i t y  i s  t o  execu te  an impuis ive  

t h e  launch  s i t e  are p o s s i b l e ;  they a r e  shown on F i g u r e  1. 

maneuver immediately a f t e r  s t a g i n g ,  t h a t  would p u t  t h e  b o o s t e r  
on a h igh  l o f t e d  t r a j e c t o r y  ending back a t  t h e  launch s i t e .  
Th i s  i s  called impuls ive  r e t u r n  t o  t h e  launch s i te ,  or less 
e l e g a n t l y ,  l o b - r e t r o .  

A. second p o s s i b i l i t y  would be t o  f l y  t h e  unloaded 
booster on t o  o r b i t ,  where it could w a i t  f o r  t h e  r i g h t  oppor- 
t u n i t y  t o  r e - e n t e r  and land a t  t h e  launch s i t e .  The cho ice  
between t h e s e  two i s  dependent  p r i m a r i l y  on where s t a g i n g  
o c c u r s .  If it i s  closer, e n e r g e t i c a l l y  speaking ,  t o  t h e  launch 
s i t e  'than it i s  t o  o r b i t ,  t h e n  t h e  l o b - r e t r o  maneuver would 
o f f e r  a s i g n i f i c a n t  advantage.  

A t h i r d  set  of p o s s i b i l i t i e s  i n v o l v e s  l a n d i n g  t h e  
b o o s t e r  down range.  From t h e r e  it cou ld ;  1) be r e f u e l e d  and 
flown b a l l i s t i c a l l y  back t o  the  launch s i te  on t h e  main pro- 
p u l s i o n  eng ines ,  2) u s e  l i f t  f a n - j e t  e n g i n e s  t o  f l y  back t o  
t h e  launch  s i te ,  o r  3 )  be c a r r i e d  back t o  t h e  launch s i t e  v i a  
s u r f a c e  t r a n s p o r t a t i o n .  . .  
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Of a l l  t h e s e  p o s s i b i l i t i e s ,  t h e  most nove l  i s  t h e  
l o b - r e t r o  maneuver. I t  r e p r e s e n t s  t h e  l a r g e s t  d e v i a t i o n  from 
t h e  c u r r e n t  way of doing  b u s i n e s s ,  and i s  t h e  l e a s t  s t u d i e d  and 
understood.  The purpose of  t h i s  memorandum i s  t o  p r e s e n t  some 
p r e l i m i n a r y  c o n s i d e r a t i o n s  about  t h i s  unusual  maneuver and i t s  
e f f e c t  on v e h i c l e  s i z e  s e l e c t i o n .  

3.0 Impulsive Requirements 

A v e c t o r  diagram of t h e  lob-retro maneuver i s  shown i n  
F i g u r e  2 .  The f l i g h t  v e l o c i t y ,  u ,  and t h e  f l i g h t  p a t h  a n g l e ,  y ,  
d e f i n e  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  maneuver. Given t h e  range  
and a l t i t u d e  a t  s t a g i n g ,  t h e  fami ly  of r e q u i r e d  r e t u r n  v e l o c i t y  
v e c t o r s  can be d e f i n e d  i n  terms of t h e  needed r e t u r n  v e l o c i t y ,  V ,  
and r e t u r n  f l i g h t  p a t h  a n g l e ,  a. The i n i t i a l  c o n d i t i o n s  shown 
a r e  from a t y p i c a l  launch t r a j e c t o r y ,  a l though t h e  l o b - r e t r o  
c a l c u l a t i o n s  assumed a f l a t ,  s t a t i c  and a i r l e s s  e a r t h .  

From any p o i n t  a long t h e  f l i g h t  p a t h ,  a number of 
r e t u r n  t ra jec tor ies  are p o s s i b l e ,  however, t w o  cases w i l l  be  o f  
i n t e r e s t .  One case i s  when t h e  d i f f e r e n c e  between t h e  f l i g h t  
v e c t o r  and t h e  r e t u r n  v e c t o r  i s  t h e  s m a l l e s t .  This  case d e f i n e s  
t h e  minimum impuls ive  AV needed t o  execu te  a l o b - r e t r o  maneuver 
and i s  shown i n  F igu re  2 as Emin. Since  t h e  l a n d i n g  AV i s  i n -  

dependent  of t h e  r e t u r n  t r a j e c t o r y ,  AVmin produces t h e  minimum 
t o t a l  recovery  AV. 

- 

T h i s  maneuver would require t h a t  t h e  v e h i c l e  t h r u s t  
approximately a long  t h e  l i n e  of AVmin. The v e h i c l e  would have 

t o  be  o r i e n t e d  base  forward, and main ta ined  a t  some a n g l e  of 
a t t a c k  d u r i n g  t h e  burn.  
v e l o c i t y  v e c t o r  i s  e s s e n t i a l l y  t h e  r e q u i r e d  angle  of attack. 
A s  t h e  maneuver p r o g r e s s e s ,  t he  f l i g h t  v e l o c i t y  vector w i l l  
ro ta te  from '-J t o  7, wi th  t h e  p o i n t  of t h e  v e c t o r  t r a c i n g  t h e  
p a t h  a long-  t h e  Emin v e c t o r .  

t h e  v e h i c l e  must f l y  a t  90' angle  of a t tack.  

The angle  between Emin and t h e  f l i g h t  

A t  one p o i n t  d u r i n g  t h i s  maneuver 

I f  t h e s e  h igh  ang le s  of a t t a c k  are u n a c c e p t a b l e ,  t h e  
maneuver can be flown a d i f f e r e n t  way; t h e  v e h i c l e  can f i r s t  b e  
o r i e n t e d  - base  forward a t  zero  angle  of a t t a c k  and burned t o  
reduce  u t o  zero.  I t  then  must be o r i e n t e d  t o  t h e  p rope r  r e t u r n  
f l i g h t j a t h  ang le ,  a ,  and burned a second t i m e  t o  produce t h e  
r i g h t  V. The t o t a l  AV i n  t h i s  case i s  t h e  s c a l a r  sum of and '-J. 
And s i n c e  i s  f i x e d ,  t h e  maneuver AV can be minimized by 
minimizing - G. 
'mine 

This  i s  t h e  second case  shown on F i g u r e  2 a s  

The l o b - r e t r o  AV i s  in f luenced  by t h e  f l i g h t  v e l o c i t y ,  
t h e  range ,  a l t i t u d e ,  and f l i g h t  p a t h  angle .  The s e n s i t i v i t y  
of t h e  l o b - r e t r o  A V ' S  t o  t h e s e  v a r i a b l e s  i s  shown i n  F i g u r e  3 .  The 
m o s t  impor t an t  v a r i a b l e s  are c l e a r l y  range and f l i g h t  v e l o c i t y ,  
bo th  of which t e n d  t o - f a v o r  an e a r l y  s t a g i n g .  The 
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g e n e r a l  c h a r a c t e r i s t i c s  of t h e  maneuver a lso t end  t o  f a v o r  a 
more l o f t e d  t r a j e c t o r y  than  normal .  

For  a g iven  t r a j e c t o r y  t h e  l o b - r e t r o  A V ' s  are a 
s t r o n g  f u n c t i o n  of t h e  s t a g i n g  t i m e .  T h i s  i s  shown i n  F igure  
4 where bo th  f l i g h t  v e l o c i t y  and l o b - r e t r o  A V ' s  a r e  p l o t t e d  
a g a i n s t  impuls ive  v e l o c i t y  d e l i v e r e d  by t h e  b o o s t e r .  
upper bound on t h e  AV band corresponds t o  V and t h e  lower 
bound cor responds  t o  AVmin. min 

t h e  a c t u a l  f l i g h t  v e l o c i t y ,  but sma l l e r  t h a n  t h e  t o t a l  i m -  
p u l s i v e  v e l o c i t y  d e l i v e r e d  t o  t h a t  p o i n t .  
a n a l y s i s  a t r a j e c t o r y  s imula t ion  was made f o r  a s i n g l e  p o i n t  
a long  t h e  launch t r a j e c t o r y .  
v e l o c i t y  of 5 , 0 0 0  f p s  a t  a range of about  33  m i l e s .  The r e s u l t -  
i n g  l o b - r e t r o  t r a j e c t o r y  i s  shown i n  F i g u r e  5 w i th  h i s t o r i e s  
f o r  t h e  v a r i o u s  t r a j e c t o r y  parameters  g iven  i n  F i g u r e  6 .  
t r a j e c t o r y  cor responds  t o  a minimum AV maneuver. 

The 

The A V ' s  i n  m o s t  c a ses  are s imi l a r  t o  o r  l a r g e r  t han  

To v e r i f y  t h e  v e c t o r  

The p o i n t  chosen w a s  a f l i g h t  

The 

The v e c t o r  a n a l y s i s  t rea t s  t h e  l o b - r e t r o  maneuver a s  
a p o i n t  impulse,  w h i l e  F igures  5 and 6 i n d i c a t e  t h a t  c o n d i t i o n s  
change s i g n i f i c a n t l y  between t h e  beginning  and t h e  end of t h e  
l o b - r e t r o  burn.  I n  s p i t e  of t h i s ,  t h e  t r a j e c t o r y  a n a l y s i s  shows 
good agreement w i t h  t h e  v e c t o r  a n a l y s i s .  
t h e  t r a j e c t o r y  d a t a  i n d i c a t e d  t h a t  t h e  f i n i t e  impulse i n t r o d u c e s  
f i n i t e  b u t  s m a l l  d i f f e r e n c e s .  
should  be  a d e q u a t e ' f o r  p re l imina ry  s i z i n g  a n a l y s e s .  

some t i m e  a f t e r  apogee were b r i e f l y  examined. .In g e n e r a l ,  t h e  
l o b - r e t r o  maneuver should  be i n i t i a t e d  some t i m e  between s t a g i n g  
and apogee. For  f u r t h e r  de l ays ,  t h e  i n c r e a s i n g  range  and de- 
c r e a s i n g  a l t i t u d e  more than  o f f s e t  t h e  d e c r e a s i n g  f l i g h t  v e l o c i t y .  
I n  f a c t ,  t h e  a n a l y s i s  sugges t s  t h a t  l o b - r e t r o  should  be i n i t i a t e d  
as soon a s  p o s s i b l e  a f t e r  s t a g i n g ,  t h e r e f o r e ,  f u r t h e r  s tudy  i s  
needed b e f o r e  d e f i n i t i v e  s ta tements  can be  made. 

A qu ick  e v a l u a t i o n  of 

Consequently t h e  v e c t o r  a n a l y s i s  

The e f f e c t s  of a de lay  i n  t h e  l o b - r e t r o  burn  u n t i l  

4 . 0  Vehic l e  S i z i n g  

The e f f e c t s  of t h e  l o b - r e t r o  maneuver on v e h i c l e  s i z i n g  
are s t a r t l i n g .  
s e l e c t e d  t o  g i v e  t h e  minimum gross weight  on t h e  pad. 
s u l t  o f  a t y p i c a l  p a r a m e t r i c  s tudy i n v o l v i n g  a b a l l i s t i c  b o o s t e r  
i s  shown i n  F i g u r e  7 .  
on-pad weight  f o r  t h e  system is p l o t t e d  as a f u n c t i o n  of t h e  AV 
s p l i t  between t h e  b o o s t e r  and t h e  o r b i t e r .  
c a l c u l a t i o n  t h e  c o n s e r v a t i v e  assumption was made t h a t  t h e  lob- 
re t ro  AV was e q u a l  t o  t h e  impulsive boos t  AV provided by t h e  
b o o s t e r  (AV,,=AV,) . 

I n  a t w o  s t a g e  system, t h e  AV s p l i t  i s  u s u a l l y  
The re- 

The weight of each s t a g e ,  and t h e  t o t a l  

For t h i s  s i z i n g  

The s h a r p  break-poin t  i n  t h e  c u r v e  occur s  where a 
v e h i c l e  s i z e d  f o r  l o b - r e t r o  weighs t h e  same as  a v e h i c l e  s i zed  
t o  c o n t i n u e  on t o  o r b i t .  F o r  h i g h e r  b o o s t e r  A V ' s ,  t h e  b o o s t e r  
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would always con t inue  t o  o r b i t  r a t h e r  t h a n  l o b - r e t r o  t o  t h e  
launch  s i t e .  T h i s  scimitar shaped curve  i s  r e a l l y  t h e  supe r -  
p o s i t i o n i n g  of two d i f f e r e n t  curves  f o r  t h e  d i f f e r e n t  f l i g h t  
modes and i s  t y p i c a l  of a l l  two-stage systems w i t h  b a l l i s t i c  
b o o s t e r s  recovered  a t  t h e  launch s i t e .  

5.0 ,Conclusions 

Although t h e  l o b - r e t r o  maneuver r e p r e s e n t s  a s t a r t l i n g  
d e p a r t u r e  from convent ion ,  p re l imina ry  i n v e s t i g a t i o n s  have n o t  
exposed any b a s i c  or f a t a l  drawbacks. A r e a s  t h a t  need f u r t h e r  
s t u d y  are: 

1. Aerodynamic e f f e c t s  d u r i n g  s e p a r a t i o n  and re- 
o r i e n t a t i o n ,  

2 .  Dynamic e f f e c t s ,  such a s  a s l o s h i n g  and i n e r t i a l  
loads t h a t  may occur  because of t h e  h igh  p i t c h  
ra tes  a s s o c i a t e d  w i t h  r e - o r i e n t a t i o n ,  

3 .  Engine restart  a f t e r  r e - o r i e n t a t i o n .  

The concept  of t h e  lob- re t ro 'maneuver  i s  a promis ing  
way t o  en joy  t h e  i n h e r e n t l y  high mass f r a c t i o n s  of  b a l l i s t i c  
conf igu red  b o o s t e r s ,  and s t i l l  keep t h e  l o w  performance s e n s i -  
t i v i t i e s  of t w o  s t a g e  systems. 

. 
1012-EDM-nma E. D .  Marion 
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